Herpes simplex virus 1 (HSV-1) and HSV-2 remain major human pathogens despite the development of anti-HSV therapeutics as some of the first antiviral drugs. Current therapies are incompletely effective and frequently drive the evolution of drug-resistant mutants. We recently determined that certain natural troponoid compounds such as ␤-thujaplicinol readily suppress HSV-1 and HSV-2 replication. Here, we screened 26 synthetic ␣-hydroxytropolones with the goals of determining a preliminary structure-activity relationship for the ␣-hydroxytropolone pharmacophore and providing a starting point for future optimization studies. Twenty-five compounds inhibited HSV-1 and HSV-2 replication at 50 M, and 10 compounds inhibited HSV-1 and HSV-2 at 5 M, with similar inhibition patterns and potencies against both viruses being observed. The two most powerful inhibitors shared a common biphenyl side chain, were capable of inhibiting HSV-1 and HSV-2 with a 50% effective concentration (EC 50 ) of 81 to 210 nM, and also strongly inhibited acyclovir-resistant mutants. Moderate to low cytotoxicity was observed for all compounds (50% cytotoxic concentration [CC 50 ] of 50 to >100 M). Therapeutic indexes ranged from >170 to >1,200. These data indicate that troponoids and specifically ␣-hydroxytropolones are a promising lead scaffold for development as anti-HSV drugs provided that toxicity can be further minimized. Troponoid drugs are envisioned to be employed alone or in combination with existing nucleos(t)ide analogs to suppress HSV replication far enough to prevent viral shedding and to limit the development of or treat nucleos(t)ide analog-resistant mutants.
H
erpes simplex virus 1 (HSV-1) and HSV-2 are highly related human herpesviruses. They have colinear genomes, share 87% amino acid sequence identity, and are ubiquitous pathogens (1) . HSV-1 and HSV-2 infect mucosal surfaces and abraded skin and transit within sensory nerve fibers to the ganglia, where they establish lifelong latency. Periodic reactivation of HSV-1 or HSV-2 replication results in recurrent disease, but frequent asymptomatic shedding occurs and is a source of transmissible virus (2) . HSV-1 typically causes common cold sores, rare but debilitating encephalitis, and over 400,000 cases annually of sight-threatening corneal disease (3) . HSV-1 also causes an increasing proportion of genital infections (4) (5) (6) (7) (8) , although HSV-2 has historically been the source of most genital ulcerative disease. Nearly 1 in 6 Americans has been exposed to HSV-2 (10) , and the estimated number of infected persons exceeds half a billion worldwide (11) . Anogenital HSV ulcers increase the chance of acquiring and transmitting HIV infection (12, 13) , and peripartum virus shed in the genital tract of pregnant women can result in widely disseminated severe disease in their newborns (14) .
Nucleoside analog therapy with drugs such as acyclovir (ACV) is used to treat acute infections and reduces viral shedding and disease associated with HSV reactivations but is incompletely effective (9, 15, 16) . In addition, viral resistance to nucleos(t)ide analog drugs has been observed in immunocompromised adults (17) (18) (19) (20) (21) (22) , pediatric patients (23) , and immunocompetent persons with herpetic stromal keratitis or uveitis (24) (25) (26) . The emergence of drug-resistant and multidrug-resistant viruses has been linked to severe complications in immunocompromised individuals (27) (28) (29) (30) . More effective suppression of HSV will require new drugs that will likely be used in combination with nucleos(t)ide analogs.
Nucleotidyltransferase superfamily (NTS) enzymes perform many functions in nucleic acid metabolism. HSV DNA replication requires several viral activities consistent with those of NTS enzymes: the ends of the linear genome are annealed upon entry, Okazaki fragments are removed during viral DNA replication, and genome concatemers are cleaved into unit length and packaged into nascent capsids. Viral NTS enzymes include the distantly related HIV integrase and RNase H and hepatitis B virus (HBV) RNase H (31, 32) . We previously demonstrated that numerous compounds selected for the capacity to suppress HIV or HBV RNase H activity or close chemical relatives of these compounds also inhibit HSV replication in cell cultures (33) . One of these compounds, the natural product ␤-thujaplicinol (34) , is the most widely studied member of a class of troponoids called ␣-hydroxytropolones that have been identified as anticancer agents (35, 36) as well as lead therapeutic agents for a number of infections, including HIV (37) (38) (39) (40) (41) , HBV (42) , malaria (43) , and many bacteria (44) . This antimicrobial activity is often attributed to the capacity of the compounds to sequester divalent cations in the active sites of dinuclear metalloenzymes, a feature arising from the three contiguous oxygen atoms on the troponoid ring (45) (46) (47) . Here, 26 synthetic ␣-hydroxytropolones were screened for their capacity to inhibit HSV-1 and HSV-2 replication to assess whether ␣-hydroxytropolones may be attractive candidates for development as anti-HSV drugs.
MATERIALS AND METHODS
Compound acquisition and synthesis. The compounds employed are listed in Table 1 , and their structures are shown in Fig. S1 in the supplemental material. Compound 46 was acquired from the National Cancer Institute (NCI) Developmental Therapeutics Program. ␣-Hydroxytropolone (compound 172) was synthesized in 3 steps from tropolone based on procedures described previously by Takeshita et al. (48) . Compounds 95 to 104 were synthesized from manicol as previously described (39) and exceeded 95% purity, as determined by liquid chromatography-mass spectrometry (LCMS). Compounds 106 to 117, 119, 120, 143 to 147, and 173 were synthesized in 5 to 7 steps from kojic acid as previously described (49) (50) (51) . Synthetic ␣-hydroxytropolones were pure as determined by 1 H nuclear magnetic resonance (NMR) analysis, as reported previously, and a spectrum of compound 118 is provided in Fig. S2 in the supplemental material. Compound 118 was also synthesized from kojic acid, as described below. All compounds were dissolved in dimethyl sulfoxide (DMSO) and stored at Ϫ80°C. 2 Cl 2 (1.5 ml). The reaction mixture was stirred for 30 min, at which time it was quenched with sodium acetate (110 mg; 1.34 mmol; 10 eq), stirred for 20 min, and concentrated under reduced pressure to generate the methoxytropolone. The methoxytropolone was then dissolved in 25% hydrobromic acid in acetic acid (2 ml) and heated to 90°C for 4 h. The reaction mixture was cooled to room temperature, quenched with pH 7 phosphate buffer (10 ml), and extracted with CH 2 Cl 2 (5 ml). The organic layer was washed thrice with 10 ml phosphate buffer, dried over Na 2 SO 4 , filtered, and concentrated to yield compound 118 as a brown oil S1 in the supplemental material). 13 Cells and viruses. Vero cells were maintained in growth medium (Dulbecco's modified Eagle's medium [DMEM] containing 3% newborn calf serum, 3% bovine growth serum, 100 IU/ml penicillin-0.1 mg/ml streptomycin, and 2 mM L-glutamine). The HSV-1 and HSV-2 strains used for screening were deidentified clinical isolates from the Saint Louis University Hospital passaged once in culture. Wild-type HSV-1 and HSV-2 used in the experiments in Fig. 4 were laboratory strains 17 and 333, respectively. ⌬TK is a thymidine kinase (TK)-deficient mutant of HSV-1 strain 17 (52) . ⌬TK Ϫ is a TK-deficient mutant of HSV-2 strain 333 (53). HSV-1 strain McKrae6␤ (David Leib, unpublished data) was made in a fashion identical to that for KOS6␤ (54) . McKrae6␤ and HSV-2 strain 333vhsB (55) express ␤-galactosidase under the control of the ICP6 promoter from the UL49/UL50 intergenic region and the vhs locus, respectively. Virus stocks were grown and titers were determined on Vero cells (56, 57) .
Colorimetric screening assay. Vero cells (1 ϫ 10 4 cells per well) were seeded into 96-well plates and incubated in growth medium as indicated above. After 24 h, the medium was removed, and cells were infected at a multiplicity of infection (MOI) of 0.2 with HSV-1 McKrae6␤ or HSV-2 333vhsB. After 1 h of infection, virus-containing medium was removed; wells were rinsed with phosphate-buffered saline (PBS); and compounds which had been diluted to 50 M, 5 M, and 0.5 M in DMEM containing 2% newborn calf serum, 100 IU/ml penicillin-0.1 mg/ml streptomycin, and 2 mM L-glutamine were added to duplicate wells. Equivalent concentrations of DMSO were added to additional wells as a diluent control. Twenty-four hours after compound addition (HSV-1) or 20 h after compound addition (HSV-2), the plates were inspected by phase-contrast microscopy for toxicity. Subsequently, the medium was removed, cells were lysed, and chlorophenol red-␤-D-galactopyranoside (CPRG) substrate (5 mg/ml) was added. After 45 min of incubation at 37°C, the absorbance at 570 nm was determined by using a plate reader. A compound was considered to have suppressed ␤-galactosidase accumulation at a given concentration if the optical density reading was Ͻ50% of that of the DMSO control.
HSV-1 and HSV-2 replication inhibition assay. Compounds were diluted in PBS containing 2% newborn calf serum and 2 mM L-glutamine and were added to confluent cell monolayers in 24-well plates. Equivalent dilutions of DMSO were used as vehicle controls. HSV-1 and HSV-2 were diluted in supplemented PBS medium and added so that the final compound concentrations were 50 M or 5 M and the HSV MOI was 0.1. The cells were incubated at 37°C for 1 h, the virus-containing inoculum was removed, the wells were washed once in PBS, and the compound (50 M or 5 M) in supplemented DMEM was added. Cells were incubated at 37°C for an additional 23 h, and the plates were then inspected by phasecontrast microscopy for cytopathic effect (CPE) or toxicity. Cells in wells showing less CPE than in DMSO-treated control wells were harvested by scraping, along with cells from additional wells with significant CPE for comparison. Samples were frozen at Ϫ80°C, thawed, and sonicated, and virus titers were then determined by a plaque assay on Vero cells. Each experiment was repeated at least once. The 50% effective concentrations (EC 50 s) were determined as described above except that serial dilutions of the compounds were employed. Values were calculated with GraphPad Prism using the three-parameter log(inhibitor)-versus-response algorithm with the bottom value set to zero.
Cytotoxicity assays. Vero cells (1 ϫ 10 4 cells per well) were seeded into 96-well plates and incubated in DMEM as indicated above. The compounds were diluted in medium to the indicated concentrations with 1% DMSO and added to the cells 24 h after plating, with each concentration being tested in triplicate. Twenty-four hours after compound addition, thiazolyl blue tetrazolium bromide (MTT) (Sigma-Aldrich) was added to 0.25 mg/ml, the cultures were incubated for 60 min, the metabolites were solubilized in acidic isopropanol, and the absorbance was read at 570 nm. The most inhibitory compounds were also incubated with cells for 72 h prior to the addition of a tetrazolium compound [3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS)] and phenazine ethosulfate (PES) (Promega). The 50% cytotoxic concentration (CC 50 ) values were calculated with GraphPad Prism by using the four-parameter variable-response log(inhibitor)-versus-response algorithm with the bottom value set to zero.
Quantitative PCR. Samples for quantitative PCR (qPCR) were thawed, and cells and cellular debris containing virus were pelleted by centrifugation for 1 h at 21,100 ϫ g. Total DNA was isolated by using a QIAamp DNA minikit (Qiagen) according to the manufacturer's instructions. Primers and probes for qPCR amplified a region of HSV-2 DNA harboring part of the latency-associated transcript. The forward primer was 5=-GAGCTAACACTCGGCTTGCT-3=, the reverse primer was 5=-T CTCCTCCCCGTCTTTCC-3= (IDT), and the probe was Universal Probe Library 10 (5=-6-carboxyfluorescein [FAM]-GGAGGTG-dark quencher-3=) (Roche Diagnostics Corporation). PCR mixtures consisted of FastStart Universal Probe master mix containing Rox (Roche Diagnostics Corporation), 900 nM each primer, 250 nM probe 10, and 100 ng of the DNA template. Reactions were performed in triplicate with 25-l volumes in a 7500 Fast real-time PCR system (Applied Biosystems). The PCR parameters were 1 cycle at 90°C for 10 min followed by 50 cycles at 90°C for 20 s and 60°C for 1 min. A standard curve was generated by using purified HSV-2 strain 333 DNA diluted from 10 8 to 10 2 copies/l. Data were analyzed by using ABI 7500 sequence detection system software and expressed as HSV-2 genome equivalents per nanogram of total DNA. Synergy assay. Vero cells were seeded into 24-well plates and incubated overnight in growth medium as indicated above. HSV-2 was diluted in PBS supplemented with 1% newborn calf serum and 1% glucose and added to wells at an MOI of 0.1. The plates were incubated at 37°C for 1 h, the virus-containing inoculum was then removed, and the wells were washed once in PBS. Acyclovir and compound 118 were each serially diluted in 3-fold steps from 9ϫ EC 50 to 1/9ϫ EC 50 , using a diluent containing a consistent concentration of DMSO. The compound dilutions were added to infected Vero cell monolayers alone or in constant combination ratios according to the Chou-Talalay method (58) . Plates were incubated at 37°C for an additional 23 h, and cells were then harvested by scraping, divided into two aliquots, and stored at Ϫ80°C. Infectious virus was quantified by a plaque assay as described above, and viral DNA content was determined by qPCR. For viral titer determinations, samples were thawed and sonicated, and viral titers were determined by a plaque assay on Vero cells. Dose and effect data were evaluated with CompuSyn (http://combosyn.com/) to generate an isobologram and combination index (CI) values, which quantitatively depict antagonism (CI Ͼ 1), additive effects (CI ϭ 1), or synergism (CI Ͻ 1), according to the Chou-Talalay method (58) .
RESULTS

Inhibition of HSV-1 and HSV-2 replication.
Twenty-six synthetic ␣-hydroxytropolones plus purpurogallin (see Fig. S2 in the supplemental material) were initially screened for activity against HSV-1 and HSV-2 in a semiquantitative colorimetric assay at 50, 5, and 0.5 M. Only 2 of the 27 compounds were inactive at 50 M ( Table 1 ). Compounds that had obvious inhibitory activity at 5 M, plus some noninhibitory compounds for comparison, were then tested for their capacity to reduce virus replication in cell culture. For the replication inhibition assay, Vero cells were infected at an MOI of 0.1, and compounds were added at final concentrations of 50 and 5 M (certain compounds were tested in the replication inhibition assay at 5 M only due to limited supply). Screening was performed against single-passage clinical isolates of HSV-1 and HSV-2 to ensure that screening hits were specific for clinically relevant virus.
Thirteen compounds inhibited the replication of HSV-1 at 50
M but not at 5 M (Ͻ1.0 log 10 inhibition), and 14 had activity against HSV-2 at 50 M but not at 5 M (Table 1) . Three additional compounds reduced HSV-1 replication by 1 to 3 log 10 units at 5 M, and 3 compounds inhibited HSV-2 to a similar extent. Eleven of 27 compounds (41%) inhibited HSV-1 replication by Ͼ3 log 10 units at 5 M, and 10 of 27 compounds (37%) similarly inhibited HSV-2 by Ͼ3 log 10 units at 5 M. The inhibition patterns and potencies against HSV-1 and HSV-2 were very similar. In general, compounds that were most effective against HSV-1 and HSV-2 did not inhibit the HBV RNase H enzyme, as tested by an oligonucleotide-directed RNA cleavage assay for anti-HBV RNase H activity (42) , demonstrating that inhibition was largely HSV specific for this set of ␣-hydroxytropolones. To help select compounds for which EC 50 s would be determined, the most potent inhibitors of HSV-1 at 5 M underwent a preliminary screen at lower concentrations in the replication inhibition assay to rank their efficacy (Fig. 1) . Compounds 115, 118, and 146 maintained some capacity to suppress HSV-1 replication even at 0.17 M. EC 50 s against both HSV-1 and HSV-2 were determined for these three compounds plus compound 114 for comparison. Compounds 114, 146, and 115 had EC 50 s of Յ0.58 M against both HSV-1 and HSV-2 ( Table 2 and Fig. 2 ). The most active compound, compound 118, had EC 50 s of 120 nM and 80 nM against HSV-1 and HSV-2, respectively. These ␣-hydroxytropolones were comparable in potency to the commonly used drug ACV against HSV-1 (EC 50 ϭ 0.16 M) and significantly exceed ACV's activity against HSV-2 (EC 50 ϭ 1.4 M) ( Table 1 and Fig. 2 ). Compounds 115 and 118 also suppressed three primary clinical isolates of HSV-2 by Ͼ5 log 10 units at 5 M (data not shown), indicating that they have broad activity against clinically relevant strains.
Cytotoxicity. The cytotoxicity of 12 compounds that suppressed the replication of both HSV-1 and HSV-2 at 5 M by Ͼ2 log 10 units was assessed in Vero cells by using an MTT assay under the culture conditions employed for the replication inhibition assays. Moderate cytotoxicity was observed for four compounds, with 50% cytotoxic concentration (CC 50 ) values ranging from Ͼ50 to 75 M ( Table 1) . The other eight compounds showed no discernible cytotoxicity in this assay (CC 50 values of Ͼ100 M). This resulted in apparent therapeutic index (TI) (CC 50 /EC 50 ) values for compounds 114, 146, 115, and 118 ranging from 170 to 830 against HSV-1 and ranging from Ͼ260 to Ͼ1200 against HSV-2 ( Table 2 ). In contrast, the apparent therapeutic index values for ACV were Ͼ630 and Ͼ71 against HSV-1 and HSV-2, respectively. Compounds 114, 146, 115, and 118 were also incubated with Vero cells for 72 h, with no toxicity being noted in an MTS assay (CC 50 values of Ͼ100 M). Counterscreening against human RNase H1. All but 1 of the 27 compounds were counterscreened against recombinant human RNase H1 in an initial effort to further evaluate the specificity of inhibition. Compound 102 was not tested because an insufficient amount of this compound was available. The inhibition patterns differed between the HSVs and human RNase H1, with only 3 compounds having strong efficacy against both the human enzyme and the HSVs at 5 to 10 M (Table 1) . Four compounds were active against the human enzyme at 10 M, and 8 had activity at concentrations of between 20 M and 65 M. Notably, the two most active compounds against HSV-1 and HSV-2, compounds 115 and 118, did not inhibit human RNase H1. These data confirmed the largely different patterns of inhibition between HSV and the human enzyme.
Inhibition of acyclovir-resistant viruses. Thymidine kinase (TK)-deficient mutants of HSV are insensitive to ACV because ACV is a nucleoside analog prodrug that must be phosphorylated by the viral TK to become a substrate for the viral DNA polymerase (59) . Because resistance to nucleoside analogs is relatively common (25, 60, 61) , we determined whether the two ␣-hydroxytropolones that were most effective in reducing HSV-1 and HSV-2 replication could also suppress the replication of TK-deficient mutants. Vero cells were infected with a laboratory strain of HSV-2 and an engineered TK-deficient mutant of the same strain. The cells were treated with 50 M or 5 M ACV or compound 115 or 118, and viral yields at 24 h postinfection were measured by a plaque assay. ACV inhibited wild-type HSV-2 replication but could not suppress replication of the TK-deficient mutant (Fig. 3) . In marked contrast, compounds 115 and 118 efficiently inhibited the wild-type and TK-deficient mutant strains of HSV-2 ( Fig. 3) Table 1 are the averages Ϯ 1 standard deviation from two or three independent assays.
FIG 3 ␣-Hydroxytropolones inhibit an ACV-resistant mutant of HSV-2.
ACV or the indicated ␣-hydroxytropolone compound was added at 50 M (A) or 5 M (B) to cultures infected with wild-type HSV-2 or a TK-deficient mutant of the same strain. Log 10 suppression was determined relative to the diluent control. Data are the averages of data from duplicate samples Ϯ ranges from one of two independent experiments at each concentration. and also HSV-1 (data not shown). Therefore, these ␣-hydroxytropolones do not require phosphorylation by the viral TK enzyme to be active, and they suppress HSV-1 and HSV-2 replication in a different manner than ACV.
Synergy between ACV and compound 118. ACV and compound 118 were used in a matrix assay according to the ChouTalalay method (58) to assess their combined effect against HSV-2 DNA and infectious virus accumulation. The compounds were added to infected Vero cells alone or combined in ratios resulting in a concentration gradient ranging from 1/9ϫ EC 50 to 9ϫ EC 50 of each compound. qPCR and plaque reduction assays were performed to determine the extent of viral inhibition across the concentration ranges. The combined effect of ACV and compound 118 was greater than the effect of either compound alone, as exemplified by their impact on HSV-2 replication (Fig. 4A) . As expected due to its known mechanism of action, ACV suppressed HSV DNA accumulation in a dose-dependent manner (Fig. 4B) . Compound 118 also suppressed viral DNA replication at the highest concentration of 9ϫ EC 50 , but it had a more potent effect when combined with ACV. ACV and compound 118 more dramatically suppressed viral titers (Fig. 4C) , and the combination of the two achieved nearly complete suppression of viral replication when both compounds were added at 3ϫ EC 50 . Analyses of suppressive activity yielded CI values, with a CI of Ͻ1 indicating synergism, a CI of ϳ1 indicating additive interactions, and a CI of Ͼ1 revealing antagonism. At 95% effective doses (ED 95 s), CI values of 0.44 in the qPCR assay and 0.12 in the viral titer reduction assay were found. Weighted CI values that emphasize data from the highest efficacy levels were 0.40 and 0.17 in the qPCR and viral titer assays, respectively. These CI values of Ͻ Ͻ1 indicate that ACV and compound 118 are highly synergistic.
DISCUSSION
We previously identified the ␣-hydroxytropolone natural product ␤-thujaplicinol (compound 46) as an inhibitor of HSV-1 and HSV-2 replication (33). ␤-Thujaplicinol had been tested against HSV because the structure and/or function of several enzymes involved in HSV DNA replication is consistent with that of NTS enzymes. Other viral enzymes in the nucleotidyltransferase superfamily include the HBV and HIV RNase H enzymes (31, 32) , and ␤-thujaplicinol has efficacy against HIV RNase H (37-41), HBV RNase H (42), and foamy virus (62) . Here, 27 additional tropolones were screened against HSV-1 and HSV-2. We identified 10 synthetic ␣-hydroxytropolones with efficacy against both viruses, as defined by the capacity to reduce replication Ͼ3 log 10 units at 5 M. Interestingly, only 1 of these 10 ␣-hydroxytropolones that strongly inhibit HSVs also inhibits HBV RNase H and then only weakly at 60 M (Table 1) . Thus, the specificity of these compounds for HSVs permits us to derive an initial structure-activity relationship (SAR) that could help guide their chemical optimization, even in the absence of target identification.
Fourteen of the 26 compounds that were counterscreened against human RNase H1 inhibited the enzyme to some extent, including 5 of the 11 compounds that inhibited HSV-1 and/or HSV-2 by Ͼ3 log 10 units at 5 M. Therefore, the potential exists for cross-inhibition of the human enzyme that should not be overlooked during drug development. However, differences were observed in the sensitivity profiles for the HSVs and human RNaseH1, implying that significant selectivity for the HSVs has already been achieved. For example, the two most active com- pounds against HSV-1 and HSV-2, compounds 115 and 118, inhibited HSV replication by Ͼ5 log 10 units but had no activity against the human enzyme, even at a concentration of 60 M ( Table 1) .
The cytotoxicity of most of the compounds was negligible by MTT assays conducted for the same length of time as the replication inhibition and EC 50 assays and was also negligible for compounds 114, 146, 115, and 118 after 72 h by an MTS assay. EC 50 s for the 4 most potent ␣-hydroxytropolone compounds were Յ0.58 M. These four compounds had similar EC 50 s against HSV-1 and HSV-2, and all four had significantly lower EC 50 s against HSV-2 than acyclovir. Thus, TI values for the most active ␣-hydroxytropolones could be as much as an order of magnitude greater than that for acyclovir. However, because definitive CC 50 values have not been identified, the TI values for all compounds represent a lower limit, and the TIs for the ␣-hydroxytropolones relative to ACV have not yet been precisely determined. A broad range of EC 50 s for ACV-sensitive HSV-2 clinical isolates has been reported (63), even within a single individual over time (64) , which likely contributes to the 9-fold difference in apparent EC 50 s that we observed for ACV against an HSV-1 versus an HSV-2 clinical isolate. A small amount of cytotoxicity (measured as a loss of mitochondrial function in MTT assays) caused by two compounds, compounds 111 and 120, may be due to inhibition of human RNase H1 because RNase H contributes to mitochondrial DNA replication and pre-rRNA processing (65) (66) (67) . However, for two other compounds, compounds 119 and 147, cytotoxicity did not correlate with inhibition of RNase H1 (Table 1 ). This discord implies that inhibition of human RNase H1 is not the sole source of toxicity in our assays; this possibility is consistent with reports of direct toxicity against isolated mitochondria for some troponoids (68). In-depth toxicity studies will be a high priority as antiviral drug development proceeds.
The compounds were screened against primary clinical isolates of HSV-1 and HSV-2. All compounds active against HSV-1 at Յ50 M also had a similar level of activity against HSV-2 ( Table  1 ), indicating that the enzymatic target(s) of the ␣-hydroxytropolones is highly likely to be conserved between these two related viruses. Five of these compounds (compounds 96, 104, 111, 147, and 172) had efficacies that differed by Ͼ1 log 10 units against the two viruses in primary screening at 5 M, suggesting that HSV type can subtly affect compound efficacy. However, the small magnitude of these differences implies that any potential genotype specificity is unlikely to present an insurmountable hurdle during drug development for HSVs. It will be interesting to determine whether the compounds with greatest efficacy against HSV also suppress the replication of related herpesviruses such as varicellazoster virus, human cytomegalovirus, and various veterinary herpesviruses.
Structure-function analyses from our previous studies employing natural-product troponoids (33) provided some preliminary structural insight regarding their activity against HSVs. For example, the stronger activity of the natural-product ␣-hydroxytropolone ␤-thujaplicinol than of its close tropolone analogs ␤-and ␥-thujaplicin indicated advantages to the added oxygenation of the ␣-hydroxytropolones. Furthermore, the larger and more lipophilic natural-product ␣-hydroxytropolone manicol was 6-fold more active than ␤-thujaplicinol, demonstrating that the target(s) of the compounds can accommodate larger molecules and can be enhanced by substitution. Based on initial observations, a series of over two dozen ␣-hydroxytropolones were synthesized and tested to both confirm the initial SAR and provide leads for further optimization pursuits. In line with those previous studies, all but one of the synthetic ␣-hydroxytropolones tested inhibited HSV-1 and HSV-2 replication at 50 M, confirming advantages to this moiety for anti-HSV activity. The relatively low activity of manicol derivatives 95 to 104 at 5 M was unexpected given the strong anti-HSV activity of manicol itself (33) . These compounds are known to undergo hydrolysis, and it is possible that some degree of degradation may have reduced their activity. Many of the synthetic ␣-hydroxytropolone derivatives of ␤-thujaplicinol remained highly active at a lower concentration of 5 M; however, several of the less lipophilic molecules lost their activity, and trends began to emerge. For example, among the ketone-containing molecules, methyl and isopropyl ketone-containing ␣-hydroxytropolones 110 and 143 are inactive, whereas the activities of all the larger ketones are preserved (compounds 111, 118, 120, and 173). After these molecules were assessed at even lower concentrations (Fig. 1) , the library was further narrowed down to two molecules that maintained activity at 0.5 M (compounds 114 and 119) and three molecules that maintained activity at 0.17 M (compounds 118, 115, and 146). EC 50 s were obtained for the latter three compounds plus compound 114. The two most potent compounds of this group were biphenyl compounds 115 and 118, which had EC 50 s for both HSV-1 and HSV-2 of ϳ0.2 M and 0.1 M, respectively (Fig. 5 ). These two molecules, which are now the top anti-HSV troponoid leads, suggest advantages to the biaryl side chains and provide excellent starting points for future optimization-directed studies.
Our studies indicate that ␣-hydroxytropolones are promising candidates for development as novel anti-HSV drugs. They provide initial guidance for chemical optimization, and they indicate promising avenues to maximize differences between the HSV target(s) and human RNase H1 and to address mitochondrial toxicity to avoid unacceptable side effects during therapy. The ␣-hydroxytropolone inhibitors may work synergistically with the nucleos(t)ide analogs because ACV and compound 118 synergistically suppress HSV replication (Fig. 4) , and the two classes of inhibitors have different apparent mechanisms of action (Fig. 2 ) (33) . Polymerase incorporation of the nucleoside analog ACV prevents chain elongation (69) ; however, the ␣-hydroxytropolone mechanism of action remains to be determined. Possible viral targets with NTS enzyme activity or homology include the polymerase (3=-to-5= and 5=-to-3= exonuclease activities), pUL12 nuclease, pUL15 terminase, and ICP8 single-stranded DNA binding protein (70) (71) (72) 76) . Our observation that the ␣-hydroxytropolones suppress ␤-galactosidase expression under the control of an HSV immediate early gene promoter suggests that the compounds target a relatively early event in HSV replication, consistent with early effects previously seen in time-of-addition experiments (33) . The synergy observed between compound 118 and ACV (Fig. 4) implies that NTS enzyme inhibitors would be good candidates for use in multidrug regimens to suppress HSV replication sufficiently to block viral shedding and, thus, transmission (15, 16) . In addition, the two ␣-hydroxytropolones tested here plus ␤-thujaplicinol (33) suppressed acyclovir-resistant HSV-1 and HSV-2 mutants nearly as well as their cognate wild-type viruses. This capacity of NTS enzyme inhibitors to suppress the replication of acyclovir-resistant viruses also suggests their utility as salvage therapies in chronically infected patients whose HSV infection has developed resistance to one or more drugs (25, 61, (73) (74) (75) .
